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Differences in relative fitness of male and female offspring across ecological and social environments
should favour the evolution of sex-determining mechanisms that enable adjustment of brood sex ratio to
the context of breeding. Despite the expectation that genetic sex determination should not produce
consistent bias in primary sex ratios, extensive and adaptive modifications of offspring sex ratio in relation
to social and physiological conditions during reproduction are often documented. Such discordance
emphasizes the need for empirical investigation of the proximate mechanisms for modifying primary sex
ratios, and suggests epigenetic effects on sex-determining mechanisms as the most likely candidates.
Birds, in particular, are thought to have an unusually direct opportunity to modify offspring sex ratio
because avian females are heterogametic and because the sex-determining division in avian meiosis
occurs prior to ovulation and fertilization. However, despite evidence of strong epigenetic effects on sex
determination in pre-ovulatory avian oocytes, the mechanisms behind such effects remain elusive. Our
review of molecular and cytological mechanisms of avian meiosis uncovers a multitude of potential
targets for selection on biased segregation of sex chromosomes, which may reflect the diversity of
mechanisms and levels on which such selection operates in birds. Our findings indicate that pronounced
differences between sex chromosomes in size, shape, size of protein bodies, alignment at the meiotic
plate, microtubule attachment and epigenetic markings should commonly produce biased segregation of
sex chromosomes as the default state, with secondary evolution of compensatory mechanisms necessary
to maintain unbiased meiosis. We suggest that it is the epigenetic effects that modify such compensatory
mechanisms that enable context-dependent and precise adjustment of primary sex ratio in birds.
Furthermore, we highlight the features of avian meiosis that can be influenced by maternal hormones in
response to environmental stimuli and may account for the precise and adaptive patterns of offspring sex
ratio adjustment observed in some species.
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1. MEIOTIC DRIVE AND ADAPTIVE SEX RATIO
ADJUSTMENT

The relationship between sex-determining genetic
systems and selection for sex ratio bias is one of the
most controversial and poorly understood topics in
evolutionary biology. On the one hand, theoretical
studies show that the evolution of genetic mechanisms
producing consistent bias in sex ratio is unlikely (Fisher
1930; Trivers & Willard 1973; Charnov 1982; Bull 1983;
Werren & Hatcher 2000; Le Galliard ez al. 2005), and
there is often no correlation between the genetic sex
determination mechanisms and the magnitude of sex
ratio adjustment (Morrish & Sinclair 2002; Janzen &
Phillips 2006; Kozielska ez al. 2006; Mank ez al. 2006;
Uller er al. 2007). On the other hand, the empirical
studies frequently show strong parental modifications of
offspring sex ratio, often in close concordance with the
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variable cost of production of different sex offspring
across environments (Heinsohn er al. 1997; Komdeur
et al. 1997; Badyaev ez al. 2002; West & Sheldon 2002).
The empirical findings of rapid and context-dependent
adjustment of primary sex ratios have drawn attention to
epigeneric effects on sex-determining mechanisms and
have emphasized the value of understanding not only
the proximate mechanisms behind sex determination
(Johnstone ez al. 1995; Mittwoch 1996; Clinton &
Haines 1999; Kraak & Pen 2002; Pen & Weissing
2002) but also the level at which sex ratio selection on
these mechanisms is likely to act (Kraak & de Looze
1993; Mittwoch 1993, 2006; Leimar 1996; Badyaev
2002; van Dooren & Leimar 2003; Munday ez al. 2006;
Schwanz er al. 2006; Freedberg & Taylor 2007). Indeed,
among numerous empirical studies that document
sex ratio adjustments, those that consider the exact
context favouring sex ratio adjustment (West & Sheldon
2002; Sheldon & West 2004; Shuker & West 2004;
Griffin ez al. 2005; West ez al. 2005; Badyaev et al. 20065)
and the precise proximate level at which the response to
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Box 1. Broad-sense meiotic drive as a potential means of offspring sex adjustment in non-avian taxa

Sex chromosome drive refers to the unequal transmission of the sex chromosomes from the individuals of the
heterogametic sex, resulting in biased sex ratios among the progeny and within populations (Jaenike 2001). This
phenomenon has been reported in plants, mammals and insects, and usually is based on the action of genes on autosomes
or sex chromosomes that disable the development of functional gametes bearing one of the sex chromosomes. In all known
cases, sex chromosome meiotic drive results in a pattern in which the same sex chromosome is favoured (see Jaenike 2001).
In most cases, segregation distortion occurs during spermatogenesis and results from the non-disjunction of Y chromatids
in meiosis II or X chromosome breakage leading to the failure of spermatids to develop (review in Taylor & Ingvarsson
2003). The valuable insight into the non-random chromosome segregation in meiosis comes from the spermatogenesis of
heterogametic male flies Tiichosia pubescens (Sciaridae) where, as in female meiosis, only a single functional gamete is
produced and only the maternal set of chromosomes is transmitted into the spermatozoon. The formation of only one
gamete in this system results from the presence of a monopolar and monocentric spindle in the first meiotic division (Fuge
1994). The non-random segregation of the genetic material in this case might be due to inactivation of the kinetochores of
paternal chromosomes that are unable to capture the microtubules of the spindle. These chromosomes are, however, in
contact with some microtubules, and thus the microtubules could be responsible for transporting parental chromosomes
away from the functional pole (Fuge 1994).

Female meiotic drive has been reported less often, but the existing cases provide important insights into the mechanism
of sex adjustment, especially when sex bias occurs in heterogametic females. In the butterfly Eucheria socialis westwoodi,
females are heterogametic and produce strongly male-biased primary sex ratios (Underwood & Shapiro 1999), most likely
as a result of non-random chromosome segregation in female meiosis. In some mammals, heterogametic females with X
and Y chromosomes show meiotic drive. For example, in the wood lemming Myopus schisticolor, heterogametic females
produce only oocytes bearing X chromosomes (Fredga er al. 1976), a likely result of a non-disjunction at the stage of
primordial germ cells or oogonia of the foetal ovary, where the X chromosomes were doubled and the Y chromosome
eliminated. Specifically, the failure of oocytes bearing Y chromosomes was due to non-homologous pairing (triple pairing,
interchange, self-synapsis), numerical abnormalities and formation of univalents (Akhverdyan & Fredga 2001).

The other mechanisms of sex chromosome meiotic drive are based on the cytoplasmic elements responsible for female-
biased sex ratio in progeny. The mechanisms behind this manipulation are often based on the maternally inherited
cytoplasmic bacteria that induce parthenogenesis and feminize or kill genetic male offspring (reviewed in Jaenike 2001).
Finally, the autosomal segregation distorters may act by preventing the condensation of heterochromatin in sperm nuclei
and the formation of spermatids. In plants, meiotic drive is often caused by the production of non-viable male gametes

(Taylor & Ingvarsson 2003).

sex ratio selection should occur (e.g. meiosis, ovulation,
implantation) document the most exact patterns of sex
ratio adjustment (James 1996; Cameron 2004; Badyaev
et al. 2005; Holand ez al. 2006; Rutkowska &
Cichon 2006).

Among vertebrates, birds are thought to have an
unusually direct control of offspring sex because the
female is heterogametic, and both the peripheral
location of meiotic plate in the oocyte and the timing
of the first meiotic division (just prior to ovulation)
make avian sex determination especially susceptible to
maternal modifications (Krackow 1995; Pike & Petrie
2003; Alonso-Alvarez 2006). This suggestion is
corroborated by the observations of precise sex bias
in relation to ovulation sequence and oocyte growth
patterns in birds (Blanco ez al. 2002; Velando er al.
2002; Andersson er al. 2003; Young & Badyaev 2004;
Badyaev er al. 2005, 2006a,b; Pike 2005), patterns that
are difficult to explain by mechanisms other than
epigenetic effects on sex chromosome drive. Further-
more, chromosomal interactions during meiosis in
heterogametic avian females should facilitate rapid
evolution of mechanisms that enhance the probability
of chromosome transmission to the oocyte (Zwick ez al.
1999; Padro-Manuel de Villena & Sapienza 2001a;
Fishman & Willis 2005; Dawe & Henikoff 2006), and
such mechanisms might be co-opted for sex ratio
adjustment. Yet, whereas the references to meiotic
drive as a potential mechanism of avian sex ratio
adjustment are made frequently (Krackow 1995;
Badyaev et al. 2005; Alonso-Alvarez 2006), no study
to date have considered the molecular and cytological
mechanisms behind sex-biased meiotic drive in birds
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or addressed whether known features of avian meiosis
are susceptible to directional and, importantly, revers-
ible segregation distortion of sex chromosomes
favoured by context-dependent selection on primary
sex ratio adjustment.

Whereas broad-sense meiotic drive is an unlikely
mechanism of sex ratio adjustment in birds (box 1),
avian meiosis nevertheless possesses a multitude of
features that can significantly facilitate non-random
segregation of sex chromosomes. Here, we first review
what is known about avian oocyte maturation and the
sex-determining first meiotic division (figure la-d).
Second, we examine whether avian meiosis possesses
the three general characteristics facilitating segregation
distortion: asymmetrical meiotic division, asymmetry
of the meiotic spindle pole, and expressed hetero-
zygosity at a locus mediating chromosome attachment
to the spindle (e.g. Padro-Manuel de Villena &
Sapienza 200156). Third, we examine the extent to
which cytoskeleton-mediated mechanisms of sex
chromosome movements during meiosis are suscep-
tible to non-genomic effects of steroids (figure 2).
Finally, we identify the potential targets of selection for
precise sex ratio adjustment in variable environmental
and social contexts of breeding.

2. BACKGROUND TO AVIAN MEIOSIS

(a) The main players

Avian meiosis and oocyte maturation combines
features that are generally conserved among taxa,

such as stages of oocyte maturation (Harper 1904;
Warren & Scott 1935; Bissonnette & Zujko 1936;
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Figure 1. Schematic of germinal disc during oocyte maturation in birds. (@) At the end of meiotic prophase I, germinal disc is at the
periphery of the oocyte and germinal vesicle flattens against the follicular wall. Chromosomes, until this time in the lampbrush stage,
now condense. (b) At prometaphase I, membrane of the germinal vesicle breaks enabling mixing of the protoplasm of the germinal
disc and the content of the germinal vesicle indicated by small arrows. Perivitelline space forms between the surface of the oocyte and
the perivitelline membrane. Condensed postlampbrush chromosomes (not shown to scale) are in the centre of the disintegrating
germinal vesicle. (¢) During metaphase I, the first meiotic spindle forms perpendicular to the surface of the oocyte with chromosomes
aligned in the meiotic plate ready for segregation. (d) After meiotic division I, the first polar body is visible in the perivitelline space
and the second meiotic spindle forms beneath it. (¢) Immunofluorescent images of chaffinch showing chromosomes (stained lighter)
and cohesion proteins (stained darker; modified from Krasikova ez al. (2005)). (i) Sex chromosomes at the lampbrush stage; arrows
indicate equal sized centromere protein bodies. Phase contrast highlights Z and W size difference. Scale bar, 10 um. (ii) Vitellogenic
stage of the oocyte, at which protein bodies form karyosphere; arrows point to cohesion proteins and arrowheads to chromosome
bivalents. Scale bar, 20 um. (f) Schematic of chromosome congression to the meiotic spindle in the starfish; modified from
Maresca & Heald (2005). Actin filaments get polarized by substances (indicated by arrows) thatinvade the nucleus after the breakage
of its membrane, embed chromosomes and deliver them to the metaphase plate of the first meiotic spindle. (g) Conceptual
illustration of the centromere drive hypothesis is based on Dawe & Henikoff (2006) and Malik & Bayes (2006). Expansion of
centromere sequence may lead to increased attachment of microtubules to chromosome, resulting in segregation distortion.
Mutational effects on centromere proteins in the other sex chromosome can restore random chromosome segregation. Mutational
effects in the protein that bind to centromere can either expand their size leading to increased number of captured microtubules, or
restrict the size resulting in reduced microtubule attachment.

Warren & Conrad 1939; Olsen 1942; Olsen & Fraps
1944; Chalana & Guraya 1979; Birrenkott ez al. 1988;
Yoshimura ez al. 1993a,b, 1994) with features that are
remarkably variable among and within species, such as
size and shape dimorphism of sex chromosomes
(Belterman & De Boer 1984; Solari 1993). Female
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birds hatch with most of their oocytes arrested in
development, all chromosomes duplicated and
synapsed with homologues forming pairs of lampbrush
chromosomes soon after hatching (Solari 1993;
Galkina ez al. 2006). Birds have 52 to 98 chromosomes
and, in most species, the Z chromosome is the fourth or
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Figure 2. Schematic of the relationships between elements of avian meiosis, which are crucial for non-random sex chromosome
segregation and their possible regulation by maternal hormones. White arrows indicate characteristics of chromosomes that
affect their behaviour at all stages of meiosis. Successive stages of meiosis are depicted by boxes at the centre of the figure and
grey arrows show proposed pathways of hormonal manipulations of these stages. Hypotheses are listed in the text and are as
follows: H1: non-random segregation of the sex chromosomes is facilitated by their dimorphism in size. H2: sex chromosome
segregation distortion is facilitated by dimorphism in centromere position. H3: telomeres elongated during oocyte maturation
affect movements of the chromosomes at several stages of meiosis, including their position in the nucleus prior to segregation.
H4: epigenetic marking of the chromosomes enables identification of a particular sex chromosome and can influence its
movement during segregation. H5: fusions of protein bodies that consist of cohesion proteins (figure 1d) affect chromosome
position in the germinal vesicle before breakage of its membrane. H6: chromosome congression to the meiotic plate, the process
directed by actin filaments is strongly affected by maternal hormones (figure 1b,f). H7: centromere size affects microtubule
attachment to the kinetochore and therefore is responsible for non-random sex chromosome segregation by ‘centromere drive’
mechanism (figure 1g). H8 and H9: centromere and cohesion proteins modify kinetochore function, affect microtubule
attachments and contribute to sex-biased segregation (figure 1g¢). H10: microtubule attachment to the kinetochore is altered due
to checkpoint mechanism controlling their tension and allows for repeated capture and release of sex chromosomes. H11:
change of direction of chromosomes segregation to the oocyte versus polar body is enabled by the rotation of the meiotic spindle,
the process that can be influenced by maternal hormones. Mechanisms operating at the later stages produce more precise sex
adjustment in relation to ovulation sequence (see text).

chaffinch Fringilla coelebs, the protein bodies vary from 1
to 10 um (Solovei er al. 1993). Importantly, protein

fifth largest chromosome, representing approximately
10% of the genome. The W chromosome is much

smaller (figure le; Solari 1993) and, in the lampbrush
form, more condensed than other chromosomes
(Solovei er al. 1993). In addition, avian sex chromo-
somes vary in centromere position (Panov & Bulatova
1972; Belterman & De Boer 1984; Solari 1993) and
tandem repeats at terminal chromomeres (Matzke ez al.
1990; Krasikova ez al. 2006).

During the late stages of meiosis, homologue
chromosomes are maintained as bivalents by the
cohesion proteins located along the chromosome
arms, and in some species, the cohesion proteins
aggregate and form distinct round structures called
protein bodies (Gaginskaya 1972; figure le) that play
an important role in sex chromosome movements (see
below). The size of protein bodies differs strongly
among species, from 1 um in diameter in the chicken
(Gallus gallus domesticus; Krasikova er al. 2006) to
15 pm in the redwing Turdus ihacus (Gaginskaya 1972).
Interestingly, there is an extensive within-species
variation in protein body sizes; for example, in rock
dove Columba livia, house sparrow Passer domesticus and
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bodies can also differ between sex chromosomes; for
example, the protein body is larger on the W chromo-
some than on the Z chromosome in pigeons (Solovei
et al. 1993). Although the protein bodies are typical of
the lampbrush stage, the cohesion proteins remain
attached to the centromeres throughout the subsequent
chromosome contraction stages keeping homologous
chromosomes paired until the second division of meiosis
(Hagstrom & Meyer 2003; Krasikova ez al. 2005, 2006).
Only at the later stages of yolk formation, protein bodies
fuse, forming a karyosphere with condensed chromo-
somes on its surface (Gaginskaya 1972; Saifitdinova ez al.
2003; Krasikova er al. 2005, 2006).

(b) Place and time

During follicle growth and yellow yolk deposition, its
nucleus—the germinal vesicle—lies in the centre of the
germinal disc (Olsen 1942; Olsen & Fraps 1944). From
48 to 25 hours before ovulation, the germinal disc
moves to the periphery of follicle and partially flattens
against the vitelline membrane (figure 1a), while the
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inner surface remains hemispherical (Olsen 1942;
Olsen & Fraps 1944). In several poultry species, at
that time the germinal vesicle measures 90-110 um in
depth and 200-600 pum in diameter (Olsen 1942; Solari
1993; Yoshimura ez al. 1993b). Twenty-four hours prior
to ovulation, the wall of the vesicle begins to break at its
upper surface (figure 15) in response to an increased
level of luteinizing hormone and, in some species, a
surge of calcium (Homa 1995). The protoplasm of the
germinal disc and the content of the germinal vesicle
then mix and spread laterally beneath the vitelline
membrane (Olsen 1942). At 6 hours prior to ovulation,
the perivitelline space appears between the germinal
disc and the perivitelline layer, and spherical chromo-
somes, characteristic of the postlampbrush stage,
appear at the centre of the germinal vesicle (Yoshimura
et al. 1993a,b). Finally, 2 hours prior to ovulation,
bivalents of condensed chromosomes align in the
division plate, and a meiotic spindle forms (figure 1¢).

The meiotic spindle consists of two poles, set
approximately 20 um apart, and the microtubules.
Once chromosomes are within the range of the
microtubules, their kinetochores—spindle attachment
sites at the centromeres—bind to the microtubules.
Chromosome bivalents then move to the poles driven
by microtubule shortening by kinetochore motor
proteins. Importantly, the first meiotic spindle is
located perpendicularly to the surface of the germinal
disc (figure 1¢), and it is this directionality that
determines which chromosome bivalents remain in
the ovum and, thus, the sex of the ova. The polar body,
carrying bivalents of autosomes and either Z or W
bivalent, appears in the perivitelline space approxi-
mately 1 or 2 hours prior to ovulation (figure 1d;
Yoshimura ez al. 1993a).

These features of avian meiosis present many
potential targets for sex chromosome segregation
distortion that might be favoured by selection for
biased sex ratios. In §3, we propose several mechanisms
that capitalize on these features.

3. CYTOLOGICAL AND MOLECULAR
MECHANISMS OF OFFSPRING SEX RATIO
ADJUSTMENT

(a) Sex chromosome differences as a prerequisite
Jor segregation distortion

Several features of avian sex chromosomes could account
for sex specificity in chromosome movement patterns
during female meiosis. One of the most striking features of
bird karyotype is pronounced size and shape dimorphism
in sex chromosomes (Solari 1993) that, in the absence of
compensatory mechanisms, should always result in
meiotic segregation distortion. Several important
differences between the sex chromosomes should strongly
facilitate their non-random segregation.

First, offspring sex adjustment can be facilitated by
size difference of sex chromosomes; unlike autosomal
pairs of bivalents, the W chromosome is smaller than
the Z chromosome in most birds (Solari 1993). This
dimorphism affects sex chromosome movement and
the stability of chromosome dyads during meiosis
because the polar wind—a force acting on the
kinetochore as chromosomes approach a pole—is
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proportional to chromosome size (Carpenter 1991).
Moreover, as a chromosome becomes smaller, the
centromere protein domain responsible for capturing
the microtubules becomes more compressed (Spence
et al. 2006), leading to mis-segregation of dimorphic
sex chromosomes. Thus, if chromosome size affects
segregation distortion, then bird species with greater
sexual dimorphism in chromosomes should have
higher probability of offspring sex ratio adjustment.
Because the sex chromosome size varies even within
species (Panov & Bulatova 1972; Rebholz 1992), the Z/
W ratio can be used to test the contribution of sex
chromosome dimorphism to among-population and
among-female variation in offspring sex bias, such that
populations or individuals with greater dimorphism in
sex chromosome size might be more likely to produce
biased offspring sex ratios.

Second, offspring sex ratio adjustment might be
facilitated by shape differences between sex chromo-
somes. Specifically, sex chromosomes in birds often
differ in centromere position (e.g. Belterman & De Boer
1984), both within and among species (e.g. Panov &
Bulatova 1972; Krasikova et al. 2006), and this affects
chromosome movement and segregation during meiosis.
The effects of centromere position on bias in sex
chromosome segregation to the functional gamete are
known in other taxa; the chromosome with the most
centrally located centromere segregates preferentially
to the gamete in Drosophila (Novitski 1967), whereas
the acrocentric chromosome segregates to the gamete
in common vole Microtus arvalis (Gileva & Rakitin
2006). More generally, the difference in chromosome
morphology and specifically the evolution of centro-
mere position might be driven by strong selection
exerted by competition for preferential transmission of
chromosomes during meiosis (Padro-Manuel de
Villena & Sapienza 2001a). Thus, if the difference in
centromere position between sex chromosomes affects
segregation distortion in birds similarly to these effects
in other taxa, then avian species with greater difference
in centromere location should be more likely to
manipulate offspring sex.

Furthermore, avian sex chromosomes differ in
region-specific DNA sequences and epigenetic mark-
ings, which can enable chromosome recognition
required for directional bias in segregation distortion.
For example, telomeres with their highly repetitive
DNA sequences at the end of the chromosomes (Zwick
et al. 1999) are involved in chromosome pairing and
segregation in mammalian male meiosis (Yogev er al.
2004). Interestingly, telomere involvement in chromo-
some recognition, and associated competition for
preferential allocation into a functional gamete, is
thought to account for the maintenance of high
variability in telomere length (Zwick er al. 1999).
Importantly, telomeres differ strongly between the sex
chromosomes in chickens—the exceptionally long
telomere array and other tandem repeats are present
on the W, but not on the Z chromosome (Rodrigue
et al. 2005; Krasikova er al. 2006), and this difference,
in the absence of compensating factors, should
facilitate biased segregation of sex chromosomes.

Apart from the differences in morphology and
DNA sequences, distinct epigenetic marking of sex
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chromosomes may facilitate their segregation. The
long-standing assumption that genomic imprinting
does not occur in oviparous species (Haig & Graham
1991) is challenged by the recent documentation of
epigenetic marking of avian chromosomes (Teranishi
et al. 2001; Tuiskula-Haavisto ez al. 2004; Gupta et al.
2006). For example, DNA methylation changes the
conformation of chromatin from compact to loose in
the promoter of the vitellogenin gene in Japanese quail
Coturnix japonica (Gupta er al. 2006). In chickens, the
presence of genomic imprinting is evident in differential
expression of maternal and parental origin genes affecting
egg production (Tuiskula-Haavisto er al. 2004). If
offspring sex adjustment in birds is facilitated by sex
chromosome recognition through genomic imprinting,
then avian sex chromosomes should differ in methylation
pattern. Indeed, there is evidence that hypermethylation
of Z chromosome-based genes in avian males might be
the mechanism of dosage compensation (Teranishi ez al.
2001; Ellegren 2002; Nakagawa 2004). Such methyl-
ation, if retained until the Z chromosome reaches
female meiosis, can bias segregation of methylated and
unmethylated sex chromosomes.

(b) Position of the sex chromosome before
nuclear envelope breakage as a factor affecting
segregation distortion

Spatial organization of chromosome position in the
germinal vesicle in relation to the future spindle poles
might be an important determinant of chromosome
fate upon segregation. Here, we describe two processes
that affect chromosome orientation during breakage of
nuclear membrane.

During meiotic prophase, chromosome telomeres
move along the nuclear envelope and form °‘the
bouquet’—the clustering of chromosome ends at the
nuclear envelope—a pattern documented in fungi,
plants, insects and mammals (Bass 2003). Two well-
documented patterns in birds—the difference in
telomere sequences and length of sex chromosomes—
could influence the directionality of the sex chromo-
some movement along the nuclear envelope, and thus
affect chromosome position during envelope breakage.
Importantly, the telomeres are reconstructed by
telomerase—an enzyme responsible for telomere
elongation, which is highly expressed in developing
oocytes, especially in the germinal vesicle and during
metaphase of the first meiotic division (Bekaert er al.
2004). In turn, the activity of telomerase is affected by
steroid hormones, oestrogen, progesterone and andro-
gens, that act via cell cycle regulators and receptors
(Bayne & Liu 2005). Such non-genomic hormonal
regulation (see below) of telomerase is tissue specific,
and depends closely on physiological condition,
including health (Bayne & Liu 2005). For example,
lower telomerase levels and shorter telomeres are
associated with higher levels of stress hormones (Epel
et al. 2006). Thus, under this mechanism, maternal
hormonal status could affect telomere length in a
context-dependent manner. However, it is not yet
known whether the effect of hormones on telomerase
activity differs between the sex chromosomes.

The second process involved in chromosome posi-
tioning before germinal vesicle breakdown is the fusion
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of protein bodies that carry condensed chromosomes on
their surface (figure le; Gaginskaya 1972; Saifitdinova
et al. 2003; Krasikova et al. 2005). Size difference in
protein bodies between the sex chromosomes (see above)
should affect the bivalent position and orientation before
and during nuclear envelope breakage, and therefore bias
sex chromosome segregation.

(c) Sex chromosome congression and
segregation distortion

Among the chromosome bivalents aligned along the
longer axis of the spindle, those closer to a pole should
have higher probability of segregating towards that
pole. Thus, regulation of chromosome congression—a
delivery of chromosome bivalents to the meiotic
spindle equator by the contraction of the actin network
(Lénart et al. 2005; figure 1f)—would directly affect
chromosome segregation into a gamete or a polar body.
Importantly, the actin network is activated by substances
released into the nucleus at the rupture of the germinal
vesicle membrane at the periphery of the oocyte (Lénart
et al. 2005; Sun & Schatten 2006; figure 15,f). In turn,
activated filaments of actin form shells around the
chromosomes, and it is a contraction of the actin
filaments that brings embedded chromosomes into the
meiotic plate. Actin network sensitivity to external stimuli
(see below) in combination with its effects on sex
chromosome congression makes it a particularly likely
mechanism for segregation distortion of sex chromo-
somes. Whereas dimorphism in sex chromosomes can
affect the probability of their displacement from the
spindle equator, the directionaliry of this displacement
might depend on the immediate environment of the
nucleus because the substances at the yolk side of the
vesicle can differ from those at the side of the vitelline
membrane. For example, a steroid hormone gradient in
the vicinity of the germinal vesicle can affect the actin
network, such that its behaviour will differ between the
two sides of the spindle equator. In the following, we
provide evidence for such hormonal gradients and the
role of these gradients in modulating chromosome
congression.

Although steroids commonly act as nuclear tran-
scription factors (e.g. Rories & Spelsberg 1989), there
is now evidence that steroid hormones can also exert
rapid non-genomic reactions at cell surfaces, including
modifications of cell cytoskeleton (e.g. Manavathi &
Kumar 2006). Most of such non-genomic effects of
steroids on cells described in fish, amphibian and
mammalian oocytes are related to an increase in free
Ca®". For example, in maturing human oocytes,
17B-oestradiol triggers the release of free Ca®" initially
at the periphery of oocytes where it remains in the
highest concentration (Tesarik & Mendoza 1995),
ultimately forming an intra-oocyte gradient of free
Ca®" between the oocyte core and cortex. Because
Ca®" plays an important role in actin polymerization
(e.g. Mooseker et al. 1980), such a gradient and its
location leads to differential congression of chromo-
somes between the two sides of the meiotic plate.
Moreover, there is a substantial evidence for the
influence of hormones on chromosome congression
(e.g. Hodges et al. 2002; Beker-van Woudenberg er al.
2004; Roberts ez al. 2005). For example, during in vitro
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maturation of bovine oocytes, oestradiol causes
abnormal dispersion of chromosomes (Beker-van
Woudenberg er al. 2004) and high doses of follicle-
stimulating hormone administrated i vizro to mouse
oocytes lead to strong chromosome displacement and
scattering across the spindle, such that some chromo-
some bivalents do not reach the plate before metaphase
(Roberts ez al. 2005). Similarly, elevated levels of
lutenizing hormone and alterations of testosterone/
oestradiol ratio during the final stages of oocyte growth
and maturation results in the failure of chromosome
congression (Hodges ez al. 2002). An additional factor
that might be involved in avian chromosome congression
is chromokinesin—a protein associated with chromo-
some arms. First described in chickens (Wang & Adler
1995), this protein is now known to play an important
role in chromosome congression in Xenopus laevis frogs
and Drosophila flies (Endow 1999). More generally, the
role of the actin network in segregation distortion of sex
chromosomes holds great promise in the empirical
studies of avian sex ratio adjustment, because it provides
a precise mechanism by which external stimuli can
modulate directional segregation of sex chromosomes.

(d) Attachment of sex chromosome microtubules
and segregation distortion

Variability in microtubule capture by kinetochores,
commonly assumed to be a random process (Nicklas
1997), is crucially important for sex determination.
Non-random sex chromosome segregation can be
enabled by the ‘centromere drive’ mechanism
(figure 1g; Talbert er al. 2004; Malik & Bayes 2006),
where the probability of chromosome segregating into
the oocyte increases with the number of microtubules
attached to that chromosome. When a centromere array
of satellite repetitive DNA expands, it leads to a larger
kinetochore size and its greater interaction with micro-
tubules and, thus, greater chances of chromosome
allocation into the oocyte (Malik & Bayes 2006). We
show below that sex chromosome difference in the ability
to capture microtubules may similarly facilitate offspring
sex adjustment.

The factors influencing the number of captured
microtubules and the effects of centromere drive on
directionality of segregation vary between taxa. In
chickens, chromosomal rearrangements with more
centromeres segregate preferentially to the polar body
(Dinkel ez al. 1979). In mammals, the pattern varies
across species and even among populations; chromo-
somes with more centromeres preferentially segregate to
the oocyte in one race of mice and the polar body in the
other (Padro-Manuel de Villena & Sapienza 20015).
This suggests that the effect of centromere number on sex
chromosome segregation evolves rapidly and might be
context dependent within a species. An avian sex
chromosome typically has one centromere, and an
increase in centromere size in one of the sex chromo-
somes can result in a greater number of microtubules
captured by its kinetochore, leading to directional
segregation of sex chromosomes (see also Zwick er al.
1999; Malik & Bayes 2006). Additionally, the probability
of chromosome allocation into the gamete can increase
with the array of highly repetitive heterochromatic

Phil. Trans. R. Soc. B (2008)

domains on chromosomes, as has been shown for maize
(BucKler ez al. 1999).

If avian sex chromosomes differ in centromere size,
then species with greater sex dimorphism in this trait
should be more likely to bias offspring sex. Alternatively,
segregation of sex chromosomes could be affected by
changes in the centromere ability to capture micro-
tubules, such as those observed in the differential ability
of kinetochores to capture microtubules during meiosis,
compared to mitosis (see below; Simchen & Hugerat
1993; Nicklas 1997). In the following, we first discuss the
role of centromere proteins in the epigenetic regulation
of centromere function; second, we suggest the potential
role of the cohesion proteins in the modification of
microtubule capturing by the kinetochore; and third, we
introduce ‘spindle checkpoint’ as a potential mechanism
for altering chromosome assignment to the spindle poles.

First, sex chromosome segregation distortion may
depend on the centromere proteins that modify the
number of microtubules captured by the kinetochore.
Microtubule attachment to kinetochore is affected by the
centromere proteins (Dawe & Henikoff 2006; Malik &
Bayes 2006) that suppress meiotic drive of centromeres
in several taxa (Talbert ez al. 2004). Interestingly, one of
the centromere proteins, CENP-C, is present in chicken
in a single copy on the fourth chromosome, and this
protein is also attached to kinetochores during mitotic
metaphase (Okamura er al. 2001), thus warranting
further investigation of CENP-C role in segregation
distortion of the avian sex chromosomes.

Second, sex chromosome segregation can be
modified by the cohesion proteins that affect micro-
tubule attachment to kinetochore and influence
orientation of the centromere towards the poles
(Hagstrom & Meyer 2003; Morrison ez al. 2003). In
birds, the cohesion proteins are aggregated into protein
bodies (figure le¢) that vary in size among and within
species (see above, Gaginskaya 1972; Solovei ez al.
1993; Krasikova ez al. 2006). The differences in the size
of protein bodies on the Z and W chromosomes
(Solovei er al. 1993) can modify the attachment of
microtubules to the kinetochore, and thus facilitate
non-random sex chromosome segregation due to
centromere drive (see above). Furthermore, even
though the protein bodies fuse before the microtubule
attaches to the kinetochores (figure le), the cohesion
proteins remain at the centromeres and affect their
accessibility to microtubules. Thus, a bigger protein
body of one of the sex chromosome should result in
restricted attachment of the microtubules and less
likely allocation to the oocyte. Indeed, pronounced
within-species variation in the size of protein bodies
may account for the differences among females in the
strategies and precision of offspring sex adjustment.

In addition to their function of capturing micro-
tubules, kinetochores also contain molecular motor
proteins that coordinate chromosome movements and
are responsible for generating a ‘mitotic spindle
checkpoint’—a mechanism signalling proper chromo-
some attachment and alignment on the division plate
(e.g. Nicklas 1997; Biggins & Walczak 2003). Mitosis
can proceed only when the forces in the mitotic spindle
generate tension at the kinetochores (Reddy ez al. 2007;
Stegmeier ez al. 2007). Such a checkpoint was assumed
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to be absent in female meiosis, but recent evidence
suggests that it might function in mammals—the first
spindle checkpoint protein responsible for the
regulation of chromosome alignment was recently
described in mouse oocytes (Yin ez al. 2006). If a
similar mechanism exists in avian meiosis, then it
would allow repeated capture and release of the
microtubules and provide a mechanism for non-
random attachment and segregation of the specific
sex bivalent to the gamete. Furthermore, the attach-
ment of different sized bivalents could be stabilized by a
local hormonal gradient; maternal hormones at this
stage of meiosis act via direct binding of 17-oestradiol
to the microtubules and affect the shape and function-
ing of the metaphase spindle (Beker-van Woudenberg
et al. 2004). Such binding would not only counter-
balance the effect of different sized bivalents but also
differentially interfere with the CENP (see above) and
the cohesion proteins of Z and W chromosomes, and
ultimately modulate the directionality of sex chromo-
some segregation.

Finally, spindle positioning in relation to the cortex
and core of the oocyte strongly affects its polarity,
although evidence for spindle polarity in birds is mixed.
Whereas spindle asymmetry in either the number or
length of the microtubules emerging from the two poles
has not been described in cytological preparations of
avian oocytes (Yoshimura ez al. 1993a,b), non-random
segregation of chromosomal rearrangements to the
polar body versus oocyte in the chicken (Dinkel ez al.
1979) provides some support for the asymmetry of
avian first meiotic spindle.

(e) Rotation of the meiotic spindle as a
mechanism for segregation distortion of

sex chromosomes

After the chromosome bivalents attach to the opposite
spindle poles but before segregation, ‘the last minute’
mechanism to alter the sex determination is a rotation
of the meiotic spindle. In X. laevis oocytes, the meiotic
spindle is oriented parallel to the cell cortex initially,
but right before the chromosome bivalents start to
separate, the spindle turns 90°, thus determining the
fate of the chromosome bivalents (Gard ez al. 1995).
Similarly, rotation of the first meiotic spindle accom-
panies chromosome segregation and formation of the
first polar body in the marsupial Sminthopsis macroura
(Merry et al. 1995) and the horse (Tremoleda ez al.
2001). Because spindle rotation is controlled by
cytoskeleton elements—such as the actin filaments
and the microtubules (Merry et al. 1995; Tremoleda
et al. 2001; Sun & Schatten 2006)—the rotation might
similarly be affected by the intra-germinal vesicle
gradient of maternal hormones in combination with
the differences in size and epigenetic markings between
the sex chromosomes (see above). If these traits of a
given sex chromosome exhibit higher affinity for one
side of the dividing cell versus the other, for example, as
a result of a difference in exposure to maternal
hormone gradients, then the rotation of the meiotic
spindle can play a key role in offspring sex manipulation
in birds.
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4. HORMONAL INTEGRATION OF EXTERNAL
CUES AND MOLECULAR MECHANISM OF
OFFSPRING SEX ADJUSTMENT

In the above discussion, we identified several stages of
meiosis at which adjustment of the sex ratio can be
affected by hormones. For example, non-genomic
actions of steroids can influence cell cytoskeleton by
both triggering the release of Ca?* that activates the
actin network and chromosome congression and
binding to the microtubules that affects orientation
and shape of the meiotic spindle. Similarly, a link
between oocyte growth rate and segregation distortion
of sex chromosomes in birds (Young & Badyaev 2004)
and other taxa (Hodges er al. 2002) deserves further
studies. More generally, the levels of maternal
hormones in the yolk can reflect maternal hormonal
profile at different reproductive stages and breeding
contexts (Schwabl 1996; Badyaev ez al. 2005; Williams
et al. 2005; Sockman er al. 2006) and hormone
allocation differs systematically among concentric
lipid layers of the oocyte (Lipar er al. 1999; Johnson
2000; Hackl er al. 2003). Because the germinal disc is
located in the layer deposited during the last day of
vitellogenesis, changes in a female’s circulating hor-
mones at that time are reflected on the oocyte surface
generating a hormonal gradient in the immediate
vicinity of the germinal disc, ultimately leading to
differential segregation of the sex chromosomes
(R. Marshall 2003, unpublished MS; Badyaev er al.
2006a). Thus, hormonal effects on the mechanisms of
sex chromosome segregation distortion can provide an
important mediator between environmental factors
experienced by the female and offspring sex adjustment
(Badyaev & Oh 2008).

5. CONCLUSIONS
We integrated classical studies of oocyte maturation in
birds with novel findings of chromosome segregation
during meiosis (figure 1) to propose testable hypotheses
for epigenetic regulation and disruption of meiotic
segregation of sex chromosomes. We show that several
features of avian sex chromosomes, including size
dimorphism and sequence and epigenetic modifications,
can affect their interactions with the cell cytoskeleton
and influence chromosome movement patterns and
segregation. Furthermore, we present evidence for
strong effects of maternal hormones on cell cytoskeleton
and its interactions with chromosomes, which provides
an opportunity for the modulation of sex chromosome
segregation in relation to external factors (figure 2). The
multitude of potential targets of selection on sex ratio
adjustment probably reflects the diversity of
mechanisms and levels on which selection for sex ratio
adjustment can operate in birds. Our review also
suggests directions for future research; the hypotheses
outlined in this review can be tested empirically with the
comparative approach and with direct hormonal manip-
ulations of growing follicles (Warren & Scott 1935) or
follicles cultured i vitro (Olszanska et al. 1996).
Comparison of the proposed mechanisms suggests
that the later the mechanisms operate in the meiotic
sequence, the more precise will be the sex ratio
adjustment (figure 2). Moreover, if the offspring sex
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is determined at the early stages of meiosis, then it
would be more likely to covary with the egg content,
providing the mechanism for proposed association of
sex determination and sex-specific maternal allocation
of substances into eggs (Badyaev 2005; Badyaev & Oh
in press). For example, substances present in the
nucleus can affect elongation of the telomeres before
the breakage of nuclear envelope (Bekaert ez al. 2004),
influencing offspring sex adjustment at the early stages
of meiosis, whereas hormones secreted shortly before
ovulation can affect the behaviour of the microtubules
(Beker-van Woudenberg et al. 2004) and spindle
rotation and influence offspring sex adjustment at the
late stages of meiosis.

We identified several meiotic mechanisms that
produce distinct directionality of segregation depend-
ing on the contexts of breeding. Such mechanisms are
likely to allow for rapid phenotypic adjustment of sex
allocation strategies to breeding context and can
explain some of the most remarkable patterns of
adaptive adjustment of primary sex ratio in birds in
relation to the egg content and laying sequence.
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